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Abstract

Monte-Carlo siinulations 0f three dimensional galaxy distributions are performed, following
the prescription of Chokshi& Wright (1988), to study the photometric properties of evolving
galaxy populations inthe optical and near infrared bands to highredshifts. Galaxies are spatially
distribute according to thespatial two point correlation functionin a range of cluster to field
environments and in volume elements app ropriate to the cosmologicalmodel under consideration.
Details of individual galaxy properties, including luminosities, imnorphologies, disk- to-bulge ratios,
andsize distributions aresimulated to match local observed galaxy properties. Galaxies have
evolving gas fraction, metallicity and spectral energy distributions that include both stellar emission
and internal dust absorption) andre-emission. The simulations result in noiseless two dimensional
galaxy distributions on the sky that can be compared to the observed deep images in the blue and
near-infrared bands. In this paper, the first of a series, we present our baseline model in which
galaxy numbers arc conserved, and in which no explicit “sta rburst” population is included. We
use the m odel in an attempt to simultancously fit published blue and near in frared photometric
and spectroscopic observations of deep fields. We find that our bascline models, with a formation
redshift, zy, of 1000, and JI,=50, arc able to reproduce the observed blue counts to b; = 22,
independent of the value of ©,,and aso to provide a satisfactory fit to the observed blue band
redshift distributions, but for neither value of €2, do wec achieve an acceptable fit to the fainter blue
counts. i the K-band, e fit the number counts to the limit of the present day surveys only for
anf),= O cosmology.

We investigate the effect on the model fits of varying the cosmological paramcters 1/, the
formation redshift zy, and the local luminosity function. Changing 1/, does not improve the fits to
the observations. However, reducing the epoch of galaxy forin ation used in our simulations has a
substantial cffect. In particular, @ model with z; ~ 5in a low €, universe improves the fit to the
faintest photometric blue data without any need to invoke a new population of galaxies, subst antial
merging, or a significant starburst galaxy population. Yor an€,= 1 universe, however, reducing z;
is less successful at fitting the blue band counts, and has little effect at all at K.

Varying the parameters of the local luminaesity function can also hiave a significant effect. In
particular the steep low endslope of the local luminosity function of Franceschini ¢l al. allows an
acceptable fit to the b; <25 counts for €2,:= 1, but iSincompatible withQ, = O.
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1 Introduction

Over the last decade, advances in the sensitivity of {wo dimensional array deteclors have led to
phenomenal breakthroughs in the observations of faint galaxies. in the blue band the galaxy surveys
probe flux levels that arc 5-8 magnitudes fainter than the photographic surveys. The near-infrared
arrays have only recently become available, and now alow systematic studies of galaxy populations
to K ~ 21 mag. The optical and near infrared surveys probe surface densities of galaxies in cexcess
of 10% degrec=2. Yet these advancements in observations have not resulted in any consensus on
the interpretation of the origin of the faint galaxy populations, or on the cosmological models that
the observations favor. For example, modelling of the photometric surveys inthe blue and the
K-band has pointed to contradictory results: the B-b and counts increase steeply beyond b;> 17
(Koo & Kron 1992 and references therein) in excess of many quiescently evolving galaxy model
predictions, even for an open cosmology that maximizes the volume (Maddox et l.1990); on the
other hand the K-band counts have been explained by quicscently evolving galaxy populations in an
Q,:== 1 cosmological model; anopenuniverse model or a flat universe with a non-zero cosmological
constant would predict too many faint systems (Cowice et al. 1993). The spectroscopic surveys in B
and I{ provide further contradictions: for example the redshift distributions of the blue populations
arc consistent with a non-evolving galaxy distribution (Broadhurst, llis and Shanks 1988, Colless
et al. 1990),at variance with the interpretation of the blue nummber count data. 011 the other
hand, the redshift-magnitude distributions inthe K-bandrequire about amagnitude of luminosity
evolutionin K (Elston 1992, private communication).

Guiderdoni & Rocca-Vohnerange (1990,1991 ) and Rocca-Volmerange & Guiderdoni (1 990)
have been able to fit thie blue band photometric and redshift data with a self-consistent mode] by
cither adopting a low value for Qanda high value for zs, or by inerging processes. Simultancous
fits of the b; and K band photometric and redshift data have been achieved (Broadhurst, 1llis &
Glazebrook 1992, Carlberg & Charlot 1992, Lacey ef al. 1993) with a similar appeal to merging,
and also to starbursts. Another suggestion has been to invoke a new population of galaxies not
seeninthe local surveys (Cowiect a. 1993, Cole, Treyer & Silk 1992). Again the timing of the
bright phase of this new population is adjusted to match the observations, but physical argumments
have been put forward that suggest that this scenario might not be unrcasonable (Babul & Rees
1992). In contrast, Koo & Kron(1992) usec amix of blue, constant star forming galaxies with a
steep low end luminosity function, and a normal population modelled by declining star forming
rates to modecl the multi-bhand nunber counts and also the redshift distributions. Wang (1991)
uses a dusty galaxy model with strong evolution to reproduce the bj and K numnber €Out (s while
truncating the redshift distribution via internal extinction.

The number of models that have been presented and their differences indicate that the data
are degenerate to the number of fitting parameters, therefore successful fits canbe obtained by
different modellers with different combinations of starting assumptions and values for their many
parameters. This makes it very diflicult to compare and contrast their results. The problem is
exacerbated by the fact, that the analytical modelling techniques which arc usually used to interpret
deep galaxy data arc limitedin their ability to dealself-consistently with the enormous complexity
of the physical processes involved in galaxy evolution.

The situation is further complicated by the fact that the galaxy count data themselves suffer
from a lack of consensus - Maddox ¢t al. (1990) claim an excess in the galaxy counts over non-
evolving model predictions at b; ~ 17, while Met calfe et al. (1 991) claim that the excess does not
occur till b; >21. Thus the models are often based 011 arbitrary normalizations at the bright end,




depending on the survey in question.

Another shortcoming of existing models IS that they ignore the 2-dimensional distribution of
galaxies cm the plane of the sky. These models therefore usually ignore such potentially important
effects as the distribution of surface brightness among galaxies, the effect of surface brightness
dimming on detect ability, confusion and clustering , or they make limited analytical corrections for
them.

In this series of papers we take a new modelling approach, designed to address some of the
limitations of earlier models. We have developed Monte-Carlo simulations that cannot only incor-
porate the known properties of local galaxics much better than analytical approaches, but which
also for the first time model the 2-D distribution of galaxies onthe plane of the sky.

Our philosophy for the Monte-Carlo simulations istotake into account as many of the important
physical prop ertics as we can to describe local galaxy populations, andnot to limit the variables
to the nuiber of observables. While the local observations of galaxies are used to constrain some
of these paramecters, the less well constrained parametersare treated as variables whose effect on
deep galaxy data can be studied. Our am is to simultancously study the UV through far-i nfrared
properties of galaxies andcarry out direct comparisons with the observed galaxy counts, colors,
and redshift distributions. 11 this paper, we make the simplest and minimum assumptions required
to simulate field galaxy distributions, and usc the best available quiescent galaxy evolution models
which keep track of the metallicity /dust content as the stellar population within the system evolves.
Thus the niodels explicitly take into account the extinction and emission properties of dust as a
function of time. The star-burst galaxies that have received so much attention from recent results
of bluec and far infrared galaxy surveys arc explicitly ignored. We will defer the effects of relaxing
these minimal assumptions 1o later papers, which will (1 ) explore the eflects of varying other
parameters and of relaxing various initial assumptions; (2) extend the fits to other wavelength
regions, beginning with 60gn in the far in frared; (3) and investigate the effects Of instrumental
noise, sky noise, sceing, confusion, clustering andforeground galaxy extinction 011 the derived source
counts.

The simulation procedure is described insection 2. Section 3 describes tlie galaxy evolution
models. Section 4 presents the results of the b; and K bandsimulationsand compares to them to
the observations. Section 5 contains a discussion of the results. Section ¢ summarizes our work.

2 The Simulation Procedure

Below we provide a brief description of the modelling technique. Fhe simulations presented here
arc an extension Of those presented by Chokshi & Wright (1 988), which contains further details
of the Monte-Carlo procedures. The models rely on an understanding of galaxy properties inthe
local universe, and extrapolate them to higher redshifts based on the chosen cosmological nodel,
passive stellar evolution, and active evolution of the star formation rate. within galaxies. Thus
the models are subject to the uncertainties in the local galaxy observations, for example their
colors, morphological distribution, and clustering properties. Also. different librariesin stellar
evolutionary tracks, and/or different isochrones adopted for galaxy evolution modelsinfluencethe
results. Models using only stellar tracks entail discontinuities in the photometric evolution of carly:
type systems as suggested by Chariot & Bruzual (1991). Our miodel uses a homogencous set, of
smoothisochrones defining a continuous sequence in mass and ages covering alimost al evolutionary




phase. We will discuss these points inmore detail in Sect. 3.

2.1 The Distributiononthe Sky

The sinulations arc carried out within anangular area 15’ X 15’ onthe sky. The cosmological
parameters Ho, Q, and the redshift of galaxy formation zjaretreated as variables. in addition
we impose a maximum redshift limit, 011 the resulting simulations of Zymaez==8,tolimit file size. The
local density of galaxies is determined by integrating the chosen local luminosity function to a
minimum luminosity of 10%L*, giving a volume density no = 2.075 X 107113 Mpc>(h = H,/100)
for the luminosity function of Efstathiou, Fllis & Peterson (1 988) (sew next section for a discussion
of the sclection of the local luminosity function). The number of galaxies per cluster is assigned
according to apower law ranging from ~ 10°- 10%members per cluster with au average of 10°.
The average scparation of galaxies withinthe clusters is based onthe spatial two point correlation
function given by Peebles (1980) and is independent of redshift. Thus the amplitude of the galaxy
correlation function decreases as the background density of galaxies increases at higher z lor
individual dusters the clustering length changes according to a power law to simulate tight or
difluse clusters. The diffuse c.lusters are large enouglito effectively simulate ‘(field” environments.
The cluster members are placed at the ends of a random walk P rocess and only those members
that fall within therequired field of view are considered for further simulations. The clustering
procedure is discussed in more detail in Chokshi & Wright (1 988).

2.2 'The Local Luminosity Function

The local luminosity function (1,11') is one of the most important parameters upon which models
for deep galaxy samples rest. The function is usually parameterized with a Schechter (1976) form:

Q1)L = ¢ (L[ 1)) eap [- L/17)d(1]17) (1)

where ¢*, 1> and a defitie the characteristic space density and the luminosity at the knee of the
function, and the slope of the faint end of the function.

in Yigure 1 we show several recently published field lurninosity functions.  The parameters
describing these functions arc presentedin Table 1, except for the composite function of Carlberg
and Charlot. ‘J here is quite a range in the values of ¢*, M* and a for these functions. If we take
this large dispersionas a Incasure of the uncertainty to whichwe actually know the true value of
these parametersin the local universe then clearly the resulting predicted number counts will have
corresponding, significant uncertaintics. M 0St modellers seck to limit the uncertainty in at least
one LI" parameter, ¢*, by normalizing their models to the bright end of the nUmber ¢OUnts. In
this paper weretain ¢* as an independent parameter hecause there is considerable disagreement in
the observed level of the blue MU mber counts at bright magnitudes (Shanks 1990), which of course
reflects the uncertainty in ¢* itself.

Our approach is to, run our simulations using more thanone local 11" s0 that we can judge
directly the effect on the models of the uncertainty in the local LY. We have selected the L¥
of Efstathiou et al. (1988)as our baseline LI°, and also ruu some siinulations using the L1 of
Franceschini et al. (1988), and that of Shanks, as given by Mectcalfe et al. (1991; sce also Shanks
1990). We take these three LIs as representative of the range of values of ¢*, M and o displayed
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in Figure 1. Both the Franceschini and the Shanks functions show a steep faint end slope for their
late type, blue systems.

Several studies have found a dependence of LI"shape with morphological type or color. The
RSA sample of Efstathiouet a. shows some evidence for the late type galaxies (later than Scl)
to havea fainter M* by~ 0.58 magnitude, therefore wehave adopted this magnitude difference
for Scland later types for this LI. The distributioninto various morphological classes is derived
from the Second Reference Catalog of Bright Galaxies (de Vaucouleurs, de Vaucouleurs, & Corwin
1976), and consists of 10% elliptical, 18% SOS, and 72% spirals.

Franceschini et a. (1988) exploited a complete sample of 1671 galaxies withm, < 14.5 mag. ( or
m,, <14 mag. insome arcas), excluding the Virgo cluster regionand objects with ez < 1000 km s,
‘Jheir sample was divided into two morphological bins: 19/S0 and Spiral/Irregular. We derived
Schechter function fits to their early and late type subsamples. The resulting values of M*are
given inTable 1. Theearly type systems show a flat low luminosity end that is similarto the
Ifstathiou function, while theslope of the faint end for the latc-type systems is steep (cf. Table 1).
Integrating these luminosity functions to 17th magnitude in the blue yields the result that 10.8%
of galaxics are in the carly class and 88.2% are late-ty}~c. Thelocal volume density obtained by
integrating the 11 to the limit of the simulations at 10- 41" is n,= 0.965613, which is > 4 times
the density derived from the Efstathiou function.

The luminosity function presented by Shanks (1990} Lias been divided by them into B-V color
bins. The sample is based on the AARS survey of Peterson et al. (19S6). While the shape of this
function hears some resemblan ce to the Franceschinietal. function, there is a difterence both in
the normalization of the different galaxy classes and al so their luminosity scale. Thus at 1L* the
Shanks function is dominated by ellipticals and SOS (their red class), and the breakin the function
occurs at systematic.aly brighter magnitudes for the later type galaxies. This isin contrast tothe
results of both Efstathiou ef al. and Iranceschiniet al.. The density of galaxies derived from this
function is ~ 3 times higher than the one used in our baseline mode]. With this function, the red
11/50 galaxy class comprises ~ 26%, the intermediate color class (Sa-Sb) comprises ~ 25% and the
blue class the remaining ~ 49% of the total population.

2.3 Galaxy Simulations

Simulations of individual galaxies arc aso carricd outl ina Monte-Carlo fashion such that the overall
distribution in propertics follows the assigned empirical or analytical law. Thus, luminosities of
galaxies arc chosento follow the selected 117,

The distribution of the disk- to-bulge ratios of spirals is adopted from King & Bllis (19S.5) and
lic between 25-75% for SOS and 1-30% for spirals. Scale sizes are derived from the empirical relation
between surface brightness and scale size of Thomsen & Fransden (1983) for elli pticals and bulges.
A constant central surface brightness iS assumed for spirals to determine their scale size. Galaxy
position angles on the Plane of the sky are uniformly distributed between O-1 SO°. The ratio of the
major to the minor axis is uniformly distributed between 1-21for disks, 1-7 for S0 and bulges, and
is determined by the type EO-E7 for ellipticals, and this inturn fixes the inclinations perpendicular
to the plane of the sky.

Fach morphological class is assigned arange of galaxy spectral classes which reproduce, at
their present age, the range in the observed optical-to-near infrared colors of local galaxies. The




galaxy evolution modecls that we adopt here are discussed inmore detail in the following section.
¥or each simulated galaxy the total flux at the rest wavelength corresponding to its redshift and

age is derived for the appropriate spectral class. This broadband flux is corrected for an internal

inclination dependent extinction at the epoch of observationin the galaxy’s rest frame. This flux
is then distributed onto the 2 dimensional planc of the sky according to the surface brightness
profile of the galaxy, which is a de Vaucouleurs’ law for cllipticals and bulges, and au exponential
law for disks out to six scalelengths. These fluxes are pixelised on to an array (18f)OX 1 800) in
the observer’'s frame. We assume that our galaxies are transparent to background systems, SO that
fluxes from systems at different redshifts along a given line-of-sight are additive. in a later paper
we will investigate the effect of obscurationby foreground galaxies.

The image created by the processes described above is a noise-less, infinite Sensitivity image.
‘1’0 truly compare the simulated image with real observational data it is necessary to add the effects
of noise, including instrumental and background sky noise, and secing, and thento extract galaxies
from the image using the same techniques that observers do. Inapproaching the simulated data
this way we candirectly investigate the eflects of selection biases, such as those emphasised by Koo
& Kron (1992), and the other two-dimensional effects mentioned in Section 1.

We have chosen to defer this step of the analysis of our models to the second paper of this series
(Chokshi, Majewskiand Lonsdale 1993). For the current paper we accumulate the number counts,
redshift distributions and color distributions from the integrated properties of the simulated galaxies
before they arc laid down onthe 2-dimensional grid. Thusthemodel distributions discussed in
Section 4 arcthe pre-image model galaxies, not the “observed” mode] galaxies. The reason for
this is that it allows us to compare themodel results in this paper much more directly with the
result, s of previously published analytical models. Wc feel that this is animportant first step before
proceeding to an analysis of the “observed” siinulated galaxies. Yranceschini et al. (1991) have
constructed a simple analytical model for the K-band counts using the same galaxy evolution code
as used in this paper. We will discuss the comparison between their results and those from our
simulations in section 4.6. Such a comparison is animportant test of any differences between our
simulation methodsanda classical analytical approach.

3 Synthetic Spectral Energy 1 distributions

In the following sections we summarize the fundamental assumptions of the model which allows
us to derive the broad-bandspectruin of galaxies over tlhie whole frequency range, from the UV
(A =0.125 am) to the far-hi (A= 1000 jan) ( sce Mazzei, Xu & de Zotti (1992) for more details),
as a function of time since galaxy formation.

3.1 The Chemical Evolution Model

We have adopted Schmidt’s (1959) parametrization, wherein the star- formation rate (SI'R), ¢(),
is proportional to some power of the fractional inass of gas in the galaxy, fo=Mgas /111441, initially
assumed t0 be unity (g0 1= 107 mg):

60-tme 3171, (2)

We have adopted the case n: ().5, advocated by Madore (1977).




Theinitialmass function (1M1}, ¢(m), has a Salpeter (1 955) form:

~2.35
P(m)dm = A (_,",? ) d (»m ) my<m< In, 3

Mg Mg
withm,= 100 mg andmy=- 0.01 mg,.

The influence of a different choice of the power law index, n, for the dependence of the SFR
011 the gas density has been discussed by Mazzei (1 988). The effects of different choices for the
IMF and its lower mass limit, my, arc analyzed in Mazzei et al. (1992) for late type systens and
in Mazzei, de Zotli & Xu (1993) for early- type galaxies. The general conclusion is that the overall
evolution of late type systems is weakly dependent onn, whereas stronger differences could arise
for early- type systems.

In this paper, our baseline model uses the previously cited general assumnptions. Disentangling
SFRandIMF evolutionary effects from counts and color predictions is deferred to future papers.

The galaxy is assumed to be aclosed system, i.e. weneglect both winds and inflow of inter-
galactic gas. Supernova driven galactic winds may well be important during the early evolutionary
stages of cllipticals, particularly for lower mass objects (Brocato ¢t al.1990). on the other hand,
the extended hot coronae aroundthese galaxies, indicated by X-ray obscrvations (e.g. Trinchieri
& Fabbiano 1985), may imply the existence of nassive halos, capable of hampering or even of
preventing steady galactic winds, or of accretion flows. in any case, a reliable modelling of these
cffects is very difficult.

Also, the gas is assumed to be well mixedand uniformly distributed. lowever, we do not
assume that recycling is instantancous, i.e. stellar lifetimes arc takeninto account.

The variations with galactic. age of the fractional gasmass fy(1) [and, througheq. (2), of
the SR, (1)) and of the gas metallicity Z4(1) arc obtained by numerically solving the standard
equations for the chemical evolution of the Galaxy (Tinsley 1980).

3.2 The Photometric Evolution Model

Synthctic Sarlight Spectrum

The synthetic spectrum of stellar populations as a function of the galactic age was derived from
the UV to the N band (10.2 jan). The contribution of a stellar generation of age T to theintegrated
luminosity in the passband AX is given by:

Mirnaa (1)
Iax(r) = / P(m)10° 04(Max(n,1)- Ma) gy, Lo me !, (5)

Jrtin
where m is the initial stellar mass, Mmin IS the minimum mass represented in the isochrone, My ox (7)
is the maximum mass of stars still visible at the age 7, i.e. the largest mass which has not yet
reached the stage of either the final explosion or of the formation of acollapsed remnant, Max(m, 7)
is the absolute magnitude of astar of initial massmandage 7, and Mg = 4.72 is the bolometric
luminosity of the sun.

The global luminosity at galactic age t is then obtained as the suin of the contributions of all
carlier generations, weighted by the appropriate SIFR:

Lax(l) - /Otz/)(t» ar(r)dr g, )




The number of stars born at each galactic age t and their metallicity are obtained by solving the
equations governing the chemical evolution, with the SFR andIMF specified above.

To describe their distribution inthe H--R diagrain wc have adopted the theoretical isochrones
derived by Bertelliet al. (1990) for metallic.itics = 0.001 and%=0.02, extended by Mazzei (1988)
up to 100 mg and to an age of 1O yr. Theisochrones include all evolutionary phases from the main
scquence to the stage of planctary ejection or of carbon ignition, as appropriate given the initial
mass.

Following Sandage (1986) wc vary the value of g [eg. (2)] from 100 to 1 mg yr-! to describe
the chemical and photometric. properties of the galaxies of diflerent morphological types.

Correction for Internal Extinction

The internal extinction has been taken into account assuming that stars and dust are well
mixed. The dust to gas ratio was assumed to be proportional to a power of the metallicity, as in
Guiderdoni & Rocca-Volmerange (1987). Yurther details arc givenin Mazzei et al. (1992).

3.3 Emission from Circumstellar Dust

The mid- IR emission from circumstellar dust shells was assumed to be dominated by Oll/IR stars
(sce Mazzeiet al. 1992 for a discussion). Thespectrum of 011 27.2-} 0.2 (Baudet a. 1985) was
assumed to be representative for stars of this class (see also Cox ¢t al. 1986). Thien the total
luminosity of OH/IR stars in the passband AX is given by:

my,on(7)
dr (i - 7)/ oH q,}(m)lo_0,4(MAX(m.7)——M@)dm Lo, (7

1,00 (7)

t
Lon,ax(t) = 1"/

tagp(mup)
where Lacr (M) is the time when, in our model, the first 011/11{ stars appear,mion(7) (> miycr)
and My op(7) (< My ) arc the minimumn and the maximum mass of 011/11{. stars of age 7. The
cocflicient /' is determined from the condition that 011/11{ stars account for 1 O% of the observed
12 yunluminosity of our galaxy (Ghosh, Drapatz & Peppel 1986; Boulanger & Pérault 1988). We
find }= 0.05, in good agreement witherman & Habing’s (1985) estimate.

3.4 Diffuse Dust Emission

The diffuse dust emission spectrumtakesinto account the contributions of two components: warm
dust, located in regions of high radiation field intensity (e.g.,intheneighborhood of OB clusters)
and cold dust, heated by the general interstellar radiation field.

The model allows for a realistic grain-size distribution and includes PAIl molecules (sce Xu &
De Zotti (1989) and Mazzei et al.(1992) for more details). The amount of starlight, absorbed and
re emitted by dust is determined at each time using the model for internal extinction mentioned
above.

The relative contributions of the warin and cold dust components arc also evolving with galactic
age: the warin/cold dust ratio is assumed to be proportional to the star formation rate.




3.5 Model Colors and Comparison with Nearby Galaxies

Figure 2 shows the spectral evolution for typical elliptical and spiralmodels as a function of galaxy
age. The adopted ), for this figure are 100 and 10 Mg per year respectively. in Figure 3 we
illustrate the evolution of the rest frame reddened and unreddened colors (U — V) and (13 - K),
and (U — V). and (B - K)o, of synthetic galaxies with five diffcrent values of theinitial star
formation rate, %o 3, 10, 20, 35and 100 mgyr-'.Small values of Yo correspond to slow initial
star formation and slowly declining star formation rates, thercfore we expect them to correspond
to late type systems. Highvo values correspond tolarge star formation rates and rapid declines in
SFR with time, ie. to early type systems. Figure 4 shows the simulated (B-V) and (V-K) colors
in the observed frame as a function of z for the two £2=0,1cosmologics assuming H,=50 and a
kighredshift of galaxy formation, zy= 1000. Note that this high redshift is intended as alimit case.
Although it may seem unrealistically high for the actual cpoch of galaxy forimation, the difference
in time between2=1000 and z=30 is only 0.6 and 0.08 Gyr in the two cosmologies, respectively.

The Lest compilations of optical and nclar-infrared multiaperture data for nearby galaxies to
compare these model colors to are the Reference Catalogs of de Vaucouleurs, de Vaucouleurs and
Corwin for UBV data, and the de Vaucouleurs & Longo (1988) ( Catalogue of Visual and Infrared
Photometry of Galazxies from 0.5 yan and 10 jun) for longer wavelength data. We have used these
heterogencous sets of multiaperture data for local galaxies to derive colors, aperture corrected to log
A/D=0. The UBV data have been corrected following the RC2 (de Vaucouleurs, de Vaucouleurs &
Corwin, 1976), and the growth curves in V and K have been derived from the data. in de Vaucouleurs
& Longo (1988). All data have been corrected for galactic reddening following the maps of Burstein
& Neiles (1984). Wc grouped galaxies of similar type as follows. We define as F/50 al very-carl -
type galaxies i.e. systems classified witha value of the parameter 7', as defined in the RC2, such
that "< -1. Sa galaxies are those characterizedby O <7'< 1; Sb:2<7T'< 3; Se:4<T'< 6
and the remaining systems are Irr.

The resulting mean observed colors < U -V >, < V-K>and< B -~V >, as a function of
type arc shown in the upper panel of Table 2, andthe distribution of colors for allsysteins, and
for spiral and irregulars alone, are shown in Figure .5. These mean colors arein good agrecment
with previous work (Aaronson, (1978); de Vaucouleurs & de Vaucouleurs, (1972); seclower panel
of Table 2).

The simulated reddened colors evolve very smoothly after a galactic age, ‘J, 7' >12 Gyr (Figure
3), in good agrecement with the observations. 1n particular thelarge dispersion in the observed
colors of late-type galaxies (Figure 5)is reproduced by changing the initial star- formation rate %o
by a factor of about 3 from 3 to 10 (1'igure 3). The colors of I7 and S0 galaxies arc well mate.hcd
by the higher 0 models.

As described in Section 2, for the simulations cach morphological class must be assigned a range
of mnodel galaxy spectra] classes, defined by theirinitial star forination rate, ¥o-Based on Figures
3 andb and ‘Jable 2 we sclected 50 < 45 <100 for ellipticals and galaxy bulges; thus for cach
simulated elliptical or bulge a value for 3y is picked randomly to lie in this range. The old disk
populations of S0 have 10< ¢y < 50, and Sa-Sd spiral disks and Irs arc described by the range
10 > ¥ > 1. The distribution of galaxy typesinthe simulations is x:x:x:x for : SO: Sa-Sd:Irr
repesctively (see Chokshi and Wright 1988).
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4 Results

4.1 The Simulated Images

our standard models comprise 15 x 15 simulations imaged on a 1800x 1800 pixel array in cach of
the broad band b; and K filters. For the K-band siinulation we have used the K-band filter function
of Wainscoat & Cowie (1992) while the b; band filter function was provided by Majewski (1992).
Inplates |-V we show the central 5° x 5’ of the simulatedimages with a choice of H, = 50, a galaxy
formation epoch zy= 1000, and the ¥fstathiou LI, Plates 1 and1lshow the simulations in b; and
K for 2,=0 and 111 and IV show &; and K for 2, =1.Plates V and VI arc the same as plates 1 and
11 but for zy=3. The images arc displayed on a logarithmic flux scale.

It is possible to pick out some of the differences expectedinthe different cosmological models
in these plates. For a fixed zy the difference in the volume clements dominates the K plates: the
larger volume element for the 2,=0 cosmology (1’late 11) results in higher space densities at all
flux densities thaninthe Q,=1case (I'late 1V). Inthe blue band, evolutionary eflects cause the
brighter galaxies to appear more numecrous for ,= 1 (1'late 11T) but the Q,=-0 image (Plate 1) has
more numerous faint galaxies as the volume element effect overshadows evolutionary effects. FFor a
fixed ,=0,thed;image With lowerz; (1'late V) shows alarger surface density of bright galaxies
compared to the high z; model (PlateI)due to the younger age inthe 10w z; model. The lower z;
imageat K (L'late V1) has similar surface densities of bright galaxies to the high z;model (] 'late
11) due to a less dramatic age effect, but it shows the effect of the lower redshift limit in the lower
surface density of faint galaxies.

4 .2 Number Counts

The number counts derived from the simulations are shownin Figures 6 to 9. Wc caution the
reader that for simulation count levels below shout 100 per square degree the counts are subject to
significant statistical uncertainty: a countlevel of 100 per square degree corresponds to only 6.25
simulated galaxies inthe 0.0625 square degrees of the simulated image.

InFigure 6 we show the number count relations derived fromthe simulated galaxies inthebd;
and K bands for our baseline mode], which has H, = 50, 7= 1000 and usecs the I fstathiouet &/. L.
We show models for two values of €1,. Also shown arc the observed number counts from Maddox et
al. (1990),Lilly et al. (1991), and T'yson (1988)inthe b; band and Mobasher, Ellis and Sharples
(1986), Glazebrook (1991), Jenkins & Reid (1991), and Gardner (1992)in the K-band. Both the
2, models fit the bright b; <22 counts reasonably well, while the 2, = O model produces a good
agreement to the K-band data to the limit of the faintest survey.

Figure 7 shows the changes in the optical and infrared number count predictions for H, = 100.
For the higher I1,, the blue number counts arc not affected significantly, while the K-counts are
reduced by a factor of 2 in aflat cosmology. This is because it takes time to build a significant red
giant population and for a galaxy spectrum to develop a ‘red bumnyp’. I this case, for Q,- ] a
galaxy atz= 1isonly~ 2.4 Gyr old, while its age is ~ 5 Gyr for a 2,= O cosmology. llence, the
reduction of the K-number counts is due to few galaxies contributing at these brightness levels.

Figure 8 shows the changes in the optical and infrared number count predictions for zy=3 and
5 respectively. For 2,= O, the net eflec t of decreasing 25 is t0 inc rease the counts and cause their
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turnover at brighter magnitudes, because the the galaxies are younger and brighter in the later
formation ¢joch models. As expected the cffect is larger at shorter wavelengths due to more active
star formation in galaxies atthesamez. For example, the age of a galaxy at z=1is 10 Gyr for
2y= 1000 compared to 6.6 Gyr for z;=5,inanQ,= O cosmology. in a critical universe model,
the difference in age is smaller, reducing from ~ 4.7 Gyr 1,03.8 Gyr. Theresults suggest that a. low
zs,low Q, model produces a good agreement to the decpest b; and K-band number count data

Finally in Figure 9 wc show the effect of using the luminosity functions of Franceschiniet al.
(1988) and Shanks as compared to the Efstathiouetal. function, for 2y~ 1000. The steeper faint
end slope of the Franceschini function results in a divergence of the counts based on this function
from those based on the Ifstathiou function. This divergence occurs at brighter magnitudes in a
flat cosmology because at a. given apparent magnitude wc arc sampling further down the luminosity
function for this cosmology and therefore arc seeing a larger Meet due to the diverging faint end
slopes. This increase in the @, = 1 counts accounts for animmprovedfit for the FranceschiniLF to
b; <es counts. Onthe other hand the Shanks function results in counts that arc similar to those
based on the Efstathiou function, producing slightly higher counts for the €,=0 case in both bands,
and virtually identical counts for Q,= 1. This small changeinnumber counts is accounted for by
the similarity in the density of galaxies near thebreak of the Schechter function andthe smaller
density of late type systems relative to the early type galaxies at bright absolute magnitudes. T'he
large nuinber of faint blue systems make their appearance for this function at fluxes just below the
observable limnits.

From Figures 6 t0 9 wc can coriclude that for an Q,=0 mode], the blue and K band counts
can be fit simultaneously throughout their whole range, whichever of the threw 1Fs is used, but
only if zy is low (<5). The value of I, is not very importantina low £, model. A high value
for zysignificantly underproduces the blue counts for al three LIs. A best fit model for ©,=0
could bemade with a range of formation epochs between 3 and b for either the Efstathiou or
the Franceschini function, though such a model would fall a little snort of the blue counts fainter
than 26th magnitude. Since the Shanks functionproduces slightly higher overall blue counts, a
composite best fit could be achieved for it for a range of slightly larger 2ys, and this fit would be
somewhat better atb; > 26 than possible with the other functions.

The fit to the blue and K band counts is not as good for a critical {2,= 1 cosmology. All three
LF's significantly underproduce the 1{ counts fainter thanl 7th magnitude, whatever the value of
2y, while the blue counts are fitted only brighter than 22nd magnitude for the Efstathiou ef al. and
Shanks LI'sif z; is high, and about onc magnitude fainter if z; is low. A better fit to the faintest
blue counts is possible with the Iranceschini function (to 26thmagnitude with a low z;); however
this model may overproduce the brighitest blue counts, and is no better than the other functions at
fitting the K band data with Q,= 1. Jor Q, =1, raising 11, above 50 worsens the fit, especially for
the K Counts.

4.3 Redshift Distributions

Figure 10 shows the simulated blue bandredshift distributions inthree magnitude ranges for the
bascline model, while I'igures 11 to 13 snow the effects of changing z; from 1000 to 5 and of
replacing the IV fstathiou LI with the Shanks and the Franceshini LFs, respectively. ‘J able 3 shows
the means and variances from the different model simulations compared to the observations of
Broadhurst et al. (1988) and Colless ¢l al. (1990) in the range 20< b; < 22.5.
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Withinthe statistical uncertainties of the simulations, allthe 1]) odels with 2,20, except those
with the lowest zy=: 3, arc in reasonable agrecment with the data, showing mean redshifts between
~0.23 to ~0.35. The best agreement is achieved with the steep low-end Shanks LI, ©Q, = 0 mnodel,
or a Franceshini LI* for both the extreme ©, models. The ,= 1 models are systematically less
successful, predicting tails to high redshift that are not observed. The quditative difference in N(2)
between the §2, models is a direct outcome of the behavior of luminosity distance in the two cases;
galaxies get dimmer faster as a function of zin alow §2,mmodel. Thus in flux limited surveys, onc
preferentially picks up low z galaxies compared to the Qo= 1 case.

4.4 Magnitude Distributions

Figures 14 to 17 show the distribution] in observed (ie. present epoch) absolute magnitude for the
saimne apparent magnitude bins used for the redshift distributions. Wc sce little variation betweenthe
distributions predicted by the various models, except for the extension to faint absolute magnitudes
for the Franceschini?, = 1 model, which explains the behaviour of the counts in Figure 9.

4.5 Color Distributions

Figures 18 to 21 show the b;-K color histograms in different K-bins for comparison with the data of
Cowie et al. (1993). Tor al of the models the histogramns show a small tendency for galaxies to get
bluer at fainter magnitudes. Thistrend is of about the same magnitude as observed by Cowie et
al.,and for the Q,= 1 models the peak and range of the colors agrees well with the observational
data also. The 2, = O, high zs,model colors are too redon average hy about 0.5 magnitudes, in
cach of the three magnitude ranges. In addition the simulated (11-1{) distributions extend too far
tothered for the brightest systems. This result is expected since for this cosmology aud zs the
K-band counts fit the data while the blue band counts arc underproduced. However, the colors
arc in better agreement with the observations for a low value of z;(Figurel 8), as expected from
their number-count distributions. All = 1 models underproduce both the optical andthe near
infrared counts to yield colors in better agreement with obscrvations.

4.6 Summary of Results

We conclude that for an2, = 0 cosmology a good fit canbe obtained to the N(in) data irrespective
of which L} is adopted provided the galaxy formation redshift is low; 2z« 5.The N(b;) data rule
out the highest z; model if Q, =- O, and the N(B-K) data also favor alow 2y model. However, the
spectroscopic data show the best agreement with a high 2y model - and the lowest 2y = 3 model is
strongly rejected by the data. Thus, a best overall model to fit all the number cou nt, redshift and
color data consists of low 2, zy =~ 5, and a steep low-end LI* like that of }Franceschiniet a, (1988)
or Shanks (1990).

It is more difficult to {fit the data with Q,= 1. In this case the N(z) data favor a high zs;the
low z;modcls produce ahigher median redshift and longer tail to high redshift than observed.
The N(z) data also favor the Efstathiou or IFranceshinil.L}'s over the Shanks L}, as the latter
function also produces a tail to high redshift that is not observed. Thebest fit is obtained “for the
Franceschini L}, for which the blue N(in) canbe fitted to bj~ 26; however there is evidence that
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this LI overproduces the brightest counts, andit can fit the K counts only to K=17.1f we adopt
the Efstathiou L1 then the best fits reach only b;=22 and Kc17.

in summary, our results agree ina general way with the conclusions that have been reached
previously by other authors (Sandage 1988; Koo and Kron 1992): (1) wc cannot reproduce the
faint counts and redshift distributions with Qo= 1, with a flat low end slope to the local L¥; and
(2) wc favor a low value for o and a value of 2y~ 5.

It is important to stress the key differences between our approach and that of previous modellers.
The current results on number counts, reédshift and color distributions presented in this first paper
result from one Monte Carlo simulation trial. At thisstage of our work, our Monte Carlo procedures
differ from previous models principally in the fact that we are able to model continuous distributions
of galaxy paramcters, whereas models based on the classical analytical approach use a limited
number of discrete values for cach parameter. For example, wesimulate a continuous description
of galaxy spectral typesrather than choose three or four discrete classes and associated spectra
as templates for extracting flux and color information. T'he only new effect which our simulation
procedure allows us to take into account is the eflect of the random inclination angle on the internal
extinction. Beyond these issues there is no basic philosophical difference between our apyroach, at
this stage of the modclling, and a hypothetic.al detailed and complete analytical model that takes
into account all the relevant galaxy prop ertics, parameterized, as here, by continuous functions,
rather than described by a limited number of step functions.

Although an analytical model with continuous parameterization dots not, exist, a direct coinpar-
ison of our model to an analogous classical analytical approachwith discrete parameterization can
be made by comparing our results to those of Franceschinietf el. (1991), who used the same Mazzei
ctal. galaxy evolution models as us. They find, like us, that the decpest observed K-band counts
arc fit by an open cosmological model with ¢, = 0.05 and H,= 50, suggesting that this result
is more strongly dependent on the galaxy evolutiony model used, rather thanon the second order
cffects involved inthe Monte Carlo simnulation of the continuous distributions of galaxy parameters.

We further point out again that where we expect the full potential of our simulation approach
to be realized is in the next stage of our work, in which we use our simulated images to investigate
the eflects of observational biases. For the present paper we base our results only on the siinulated
galaxies that went into making the fields showninthe plates in order to directly compare our
results at this stage to those of previous modellers. Thus, like all previous analytical models of deep
galaxy samples, the simulated data do not suffer from many of the observational biases that afllict
rea data. For example, Koo & Kron (1992) have pointed out that the deep galaxy surveys might
be severely biased against high redshift galaxies due to surface brightness dimming: the exposure
time required torecach a constant signal-to-noise goesas (1 + 2)!'%. Thus, it is likely that the high
redshift tail in the simulated 2, = 1 models is obliterated in a real observational process. Hence,
a direct comparison of our simulated data with observations with real data is not yet completely
fair.

Weinclude sky background, atmospheric sceing, and instrumental noise inthe images, to study
the resulting observational biases and to sub ject the siinulations to the same processing that the
real data go through, in the second paper of this series (Chokshi, Majewski and Lonsdale 1993).
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5 Discussion

We have presented the most detailed two dimensional Monte-Carlo simulations of deep galaxy fields
in the blue and near infrared wavelength bands. The aim was to sce ILow far the predictions based
onthelocal, observed, norms] galaxy properties, together with the simplest assumption of coeval
galaxy formation cancome towards reconciling the faint galaxy observations. The results show
that, irrespective of the assumed cosmological model, for zy= 1000 the observed blue band counts
beyond bj= 22 are clearly in excess of the quiescent normal galaxy evolution predictions, and have
a Lest fit if 25 is lowered to about 5. On the other hand, Guiderdoni & Rocca-Volmerange (1990;
GRV), were able to fit the photometric data over the entire optical band, and also the spectroscopic
data to b; = 22, with their galaxy evolution models using low Q and zy= 10. This small difference
inthe two modelsis not due to the differences in the bright end normalization of the counts since
both our counts and those of GRV fit the data at b;=19.

Two important differences may contribute to the diflerent predictions. First, GRV’s standard
model includes a UV-hot phase for the eliptical and 50 galaxies, which form 35% of their total
population. This might enhance their blue count contribution with respect to the present set of
models. Moreover GRV adopt aScalo (1 986) IM ), which provides a larger number of massive
stars than a Salpeter out. This entails a stronger UV-rising branch providing a larger contribution
to the blue counts. Mazzei et al. (1992) made a comparison between their procedure and GRV’s
using an Sc model with the same SIR and IMF. *Jheir results demonstrated that the the Mazzei
ct a. models produce both lower UV luminosity and higher flux in the red spectra region, arising
from the different UV stellar data, the different IMF, and the diflerent library of stellar tracks, in
particular for thered giant and later phases.

Cowic ¢t a. (1993) found that their K number counts could be fit by an 2 = 1 model, while no
cosmology could fit the blue and the K counits simmultancously. Bothan open and a flat universe
model witha cosmological constant, while providing a better fit to the blue counts, overproduced
the K-band data.. They achieveda simultaneous fit by introducing a population of blue dwarfs at
earlier epochs that disappear locally. We cannot fit the K- band data withQ = 1, but our Q= O
models do account for the K-band counts, implying that our models are too blue compared to Cowie
et al. This is puzzling at face value, sine.c the direct comparison of our colors with theirsin Figures
18 to 21 shows a generally fair agreement for allmodels except the $26=:0, high z; one, which shows
redder colors than the! observational data of Cowic el d.. However, Gardner, Cowie and Wainscoat
(1993) have revisited the modelling of the K band number counts of Cowie et al., concluding that
neither a low € or a flat model fit the data well, and that the local normalization ¢* required by
their bright end nummber counts is lower than used by Cowic et al. (1993) to conclude that - 1.

It isnot likely that theIMI"is responsible for any difference between our rc.suits and those of
Cowic el al.. Cowie ¢t al. used the photometric model of Yoshii and Takahara (1988), which has
a Salpeter (1955) IMF for mmost galaxies, as dots our model. However,the normalization of the
IM¥'s is different as Yoshii and Takahara usc a low mass cut-ofl' of 0.05 Mg comparedto 0.01 in our
models, and this difference is expected to result inbluer colors for Cowie el «l.’s models because
their IMF will produce twice as many bright stars as Mazzei et al.’s. The redness of the Cowie et
al.models comparcd to ours may be due instead to anunderestimate of the UV fluxes of galaxies
in the Yoshii and Takahara models, as disc. ussed by them.

Koo & Kron (1992) used the observed color-magnitude distribution of galaxies combined with a
no evolution model to qualitatively reproduce the photometric and spectroscopic properties of faint
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galaxy populations at optical andnear infrared wavelengths., Specifically, their model involved a
multiple combination of blue starburst systems and red quiescently evolving galaxy populations
along with the color-d ependent luminosity function of Shanks (1990) that provides a steep faint
endslope to the function for blue galaxies. Koo and Kron's model effectively demonstrates that
the observations of faint galaxies arc still within the recalin of what could plausibly be expected
from local populations of galaxies.

On the other hand, Wang (199]) constructed a galaxy evolution model which incorporates
dust in galaxies to reconcile al of the optical and infrared data, Inhis model the dust content in
bright galaxies increases with look back time countering the luminosity evolution of their stellar
populations, while the low luminosity systems arc relatively unaflected by extinction effects and
thus increascin luminosity with z. The overal cflect of such evolution is to increase the contri-
bution of lower luminosity galaxies with respect to bri.gilt galaxies with zin flux limited surveys,
such that both the the increase in the faint blue counts and the shallow redshift distributions arc
simultancously satisfied.

Since our models explicitly contain an evolving dust content, tied to the increasing metallicity
as a function of time, wc expect a similar effect to that treated analytically by Wang. The blue
band optical depth for various galaxy types is shown for our inodelsin Figure 22. This figure shows
that indeed late-type systems arc still increasing in dust content and extinction at the present time,
while earlier typesysteinsshow a rapid increasc in optical depth with increasing lookback time at
recent epochs.

Most other efforts to simultaneously reconcile the bluc andthe K-band data have required
departures from what is observed locally and/or new phenomena. Yor example, Broadhurst ¢t al.
(1 992) used a combination merging and starburst scenario (this dots not conserve the local galaxy
density and also invokes starbursting S¥Ds to explain the excess blue counts), Babul & Rees (1992),
like Cowieet al. (1993), hypothesised disappcaring populations of dwarfs synchronized to match
the faint blue counts and redshift distributions.

Observational evidence for interaction- or merger-clrivcll starburstsin galaxies came from the
IRAS survey. This survey found that, localy, only a small fraction of galaxies (~ 2%) participate
in such phenomena. In al merger scenarios the expectation of galaxy interactionis expected to
increase with redshift at a rate somewhere inthe range (1-12)~* ¢, In fact, in the Carlberg &
Chariot (1992) model, by z=0.5, the typica depth of the redshift surveys, the luminosity function is
aready dominated by interaction induced-starburst events, explaining the excess in the counts from
bj= 21 to the faintest fluxlevels. Broadhurst et al. (1 988) and Colless et al. (1990) have modelled
their counts in terms of a starburst scenario guided by their observations of higher equivalent widths
of 01 | emissionin their deeper surveys compared to the brighter sjwctrosc.epic survey of Peterson et
al. (1 986). However, as pointed out by Koo & Kron(1992), the two surveys sample very diflerent
luminosity ranges with the Peterson sample confined to the sub-L* regime (sce the analyses by
Fales (1993)) while the Broadhurst ¢t «l. and Colless ¢t al. observations sample ~1.*. Thus the
increase in the 011 strength is possibly a volume effect, where stronger evolutionary eflects arc
detected in the higher redshift samples. So while invoking galaxy mergers and non-conservation of
galaxy number densities is onc way of resolving the mystery onthe nature of the steep blue counts,
it is not necessarily the only possible explanation.

We explored the changes to our results produced by varying three of the most fundamental
parameters of our simulations. As wc expected, while a variation of 1, does not significantly effect
our results, both the epoch of galaxy formation and the shape of the local luminosity function arc
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critical intheinterpretation of the faint galaxy data. In fact, both the observed number counts
and the redshift distributions could be explained by a low §2, low zy model. Varying zy and the
LLY does not satisfy any observational constraints for any flat cosmological model. Thus a low 2y
and/or a steep faint end luminosity function may be suflicient to explain al of the photometric and
spectroscopic data without further need to invoke a starbursts or mergers of galaxy populations in
a low € universe, but not in a flat universe.

The variation in the local luminosity function shows that the steep slope of the Franceschini
1,1’ can explain the blue counts to b;j >~ 26 for a high £, lowz; case, but has no effect on improving
thefit at K for this 2,. The Shanks function gives the same results for the number counts as the
Efstathiou function.

Determinations of space densities of low luminosity galaxies arc very uncertain because they
rely on nearby samples which are heavily affected by local effects. Random velocities are large
scale streaming motions hinder the applicability of the rcdshift-distance relation; estimates based
on group membership or distance indicators such as the Tully-Fisher relation arc also controver-
sial. Moreover, the local density of galaxies might be higher or lower than the mean density by
an unknown factor. Although the careful analysis by Saunders et al. (1990), combining data from
several complete samples totaling 2818 galaxies, indicates a relatively low density of low luminos-
ity galaxies, substantially higher values are suggested by the deeper 60pm sample of Lonsdale &
Hacking (1989).

Some additional justification for adopting a strep luminosity function comes from the clumped
redshift distribution observed inthe pencil bean survey of Broadhurst el al. (1990). Bahcall
(1991 ) demonstrated that the redshift structures scenin that data originate in the known large-
scale superclusters. The luminosity function of galaxies within such structures may wc]] deviate
substantially from what, is observed infield systems. For example, Sandage, Bingelli & Tammann
(1985) found that the luminosity function for galaxies inthe Virgo cluster exhibits a steep faint
endslope unlike that derived for field galaxies by Efstathiouct al. (1988). In our simulations, the
galaxy fields do not explicitly contain “field” galaxies. Clusters arc made large and diffuse enough
to mimic field galaxy scparations but they have narrow z distributions and thus show similar levels
of clustering as observed inthe spectroscopic surveys without asubstantial field galaxy fraction.
Thus there could be a potential problemin our simulationsinsampling local ‘field’ environments
for basing the predictions of deeper surveys - both the space density normalization and the shape
of the faint end of the luminosity function could be wrong if the deep surveys are dominated by
clusters.

The compatibility between the observations and the simulation models with a change in zy or
faint end luminosity function cannot necessarily be taken @S a proof against €ither the starburst
or merger models. Any of the above combination of parameters and/or new phenomena might be
responsible for the deep optical and infrared data. The models do strongly argue that interpreting
the faint galaxy observations is a multi-parameter problem that cannot necesarily be addressed by
simpler analytical approachies. For example, our fit of the K-band counts with a low €, model just
provides a lower bound to the galaxy numbers expected purely from local phenomena and allows
room for further evolutionin galaxy counts or their luminosity resulting fromnmnerging or starburst
scenarios.

It inust be emphasised that the! siimulations presented here arc mass-less, i.e. we have simulated
the light distributions of galaxies in mode] universes whose geonietry is governed by the cosmological
parameters. Thus the success of a low zy, Q,= O modelsimply favors the larger voluine provided
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by an open geometry. A flat geometrical model can explain the deep galaxy K-band obscrvations
if cither a NON-ZEr0 cosmological cONStant is invoked (Lilly et @. 1991) Or galaxy number density
conservation iS abandoned. Both these scenarios produce higher predicted galaxy space densities,
the first by increasing the volume element and the second by an increase in the number of galaxies
at higher redshifts with galaxy mergers or fading then accounting for the galaxy counts observed
locally.

It has been suggested that the light of faint blue galaxies is sufficient to explain all metal
production, and since the redshift surveys show shallow distributions, this must have ocurred at
fairly recent epochs (Cowie 1991). The star formation rate of galaxies in our simulations is a step
function that is constant atearly epochs andthen decreasesrapidly. Sine.c 72% of our galaxies are
late type with ¥= 1-10 their metal production (as indicated by their dust content in Figure 22) is
a slowly increasing function of time covering a large range of redshifts with the lowest Yo systems
still increasing their metal content.

The next step in our study of faint galaxy populations is to include further effects, physics)
and observational, that might influence the outcome of thesimulations. These include a color-
luminosity effect and foreground extinction in galaxies that might be potentially important. Less
important might be the morphology-density relation, while the question of the slope of the faint end
of the galaxy luminosity function, and of morphology- dependent luminosity functions still await
observational con firinations before being applied to “field” systeins. M issing observational effects
include sky, noise, sccing, surface brightness dimming and their effect on galaxy detection and
photometric procedures, the effects of confusion ete. These effects might potentially be larger thau
the sccond order astrophysical  effects.

6 Su mmary

Wc have presented detailed two dimensional simulations of deep galaxy fields that rely onextrapo-
lating the local observed propertics of galaxies to high redshifts based on passive and active stellar
evolutionin galaxies and the assuined geometry of space-time. We fiud that, under the assump-
tion of conservation in galaxy numbers, the models arc strongly constrained by the observations
of optical and infrared number counts, their redshift and color distributions. The results favor Jow
Q,, low z; models and are best fit by local luminosity functions that show a steep low luminosity
Slope.

Insummary, our results agree in a genera] way with the conclusions that have beenreached
previously by other authors (Sandage 1988; Koo and Kron1992): (1) we cannot reproduce the
faint counts and redshift distributions with 0= 1, with a flat low end slope to the local 11'; and
(2) we favor a low value for floand a value of 2y~ 5.
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‘JAIILIG 1,
]’AR,AM}C'J‘l)RS OF I, OCALLUMINOSITY FUNCTIONS

]i.e.fcr(.s'l'lce ¢ M o

Franceschini et al. (1988); Early types 0.0004  -21.1 -1.0
Franceschini et al. (1988); Late types 0.0012 -209 -14

Shanks (1990); E, S0,Sab 0.0012 -205 -0.7
Shanks (1990); Sbe 0.0006 -214 -11
Shanks (1990); Scd/Sdm 0.0004 -215 ~-15
de Lapparent et al. (1989) 0.00250 -20.7 -11

oveday ¢t al. (1992)

Table 2.
COLORS 011" NEARBY GALAXIES

“Type U -V V- K BVoyvoverkanv Nu_v Nv_kx Np.

E/S0 142 327 094 o011 o016 009 198 132

127 318 09 o015 029 008 70 32
1.00 3.13 0.80 0.22 026 012 78 22
062 3.08 0.62 020 031 013 110 13

rr 032... 051020... 012 38 . . .
E/S0 1427322 089 . . . . . . . . . 5 54
132 319 083 . . . . . . . .. 9 9
107 317 075 . . . . . . . . .9 9
082 309 058 .. ....... 20 20
¥ 032 253 o042......... 6 6
Table 3.
REDSHIFT DISTRIBUTIONS
N <z> ol
"Observations 0.27 0.019

Qo= 1,25= 1000, EfstathionlLy 035 0134
Qo= -0,2y= 1000, Ifstathiou L} 0.32 0.026
,=1,zy= 1000, 11'rant.mcllil)i 1.1* 0.23 0.031
2= 0,2y= 1000, Franceschinil.]” 0.26 0.018

Q,=1,27=1000, Shanks LI 0.49 0.141
Q,:0,z;= 1000, Shanks 1.1* 0.26 0.018
Qo= 1,24=-5, Kfstathiou LI 0.76 0.546
Qo= 0,25=5, Efstathiou LI 0.36 0.030
Q,=1,27=3, Efstathiou LI’ 1.15 0.821
_Qo= 0,24= 3, Efstathiou LY 0.98 1.216
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Figure Captions

Figure 1: A comparison of different local luminosity functions. clash-triple dot line: Efstathiou,
Ellis and Peterson (1 988); lower solid line: Shanks (IWO); upper solid line: Franceschini et al.
(1988); dash-dot line:de Lapparent, Geller and Huchra (1989); dottedline: Loveday et al. (1992);
dashed line: Carlberg and Chariot (1 992).

Figure 2: Elliptical (light line) and spiral (heavy line) galaxy photometric evolution models as a
function of age.

Figure 3: Rest, frame (B-K) and (U-V) colors as a function of age for the galaxy evolution models
for different values of the initial star formation rate $o. (11-1 {)0 and (U-V), represent the extinction
corrected colors. Long dash-dot line: %% = 100 mg yr~"long dash - short dash line: 3.5 mg yr—!;
short dash-dot line: 20 mg yr~!; dashed line: 10 mg yr—!; solid line: 3 mg vrl

Figure 4: (B-V)and (V-K) colors in the observers frame for galaxy evolutionary models with
different initial star formation rates (as inlIigure 3) as a function of redshift. Panels (a) and (b)
arc for ,= 1, and panels (c) and (d) are for ,= O. 2y=-1000 and H,=50 are assumed for both
cases.

Figure 5: Histograms of the observed galaxy (B-V)and (V-K) colors for all morphological types
(panels a and b) and for the late type galaxies (panclscand d). The data is derived from a
heterogencous sample, as described in the text.

Figure 6: N(b;) and N(X) per square degree per magnitude derived from the simulations for our
bascline model with z;=1000 and Ho = 50 (lines), for two values of €2,. The symbols arc the observed
number counts. Blue Data: solid squares: 1'yson1988; solid triangles: Metcalfe ef al. 1991; open
squares: Maddox et a. 1990; open stars: Lilly etal. 1991. 1{ hand data.: solid circles, open circles,
open squares, open stars: Various surveys as reported by Gardner 1992 ;open trianglcs:GlaZCbrOOk
1991; plain error bars. Jenkins and Reid 1991.

Iigure 7: Same as Figure 6, illustrating the ¢ flect of changing 11, from 50 to 100. The bascline
model with H,=50 is shown as the light lines for two values of 2, while the Ho = 100 model is
shown as the dark lines.

Figure 8: Same as Figure 6, illustrating the eflfect of changing the epoch of galaxy formation. For
this figure we have put the results for the two values of £, into diflerent panels for the sake of
clarity. The baseline model with H,=50 and zy= 1000 is shown as the solid line in each panel.
Figure 9: Same as Figure 6, illustrating the effect of different local luininosity functions. in this
figure the results for the two values of 2, are again shown in each panel; with the solid lines for
Q= 1and the dashed lines for .= O. The baseline model with 1= 50, zy= 1000 and the Efstathiou
ctal.(1988) luminosity function is depicted as the light pair of linesin each panecl. The other
luminosity functions arc depicted with the heavier lines.

Iigure 10: N(z) per square degree distributions in three b; magnitude ranges for each value of €2,
for our baseline model.

Figure 11: Same as Figure10 but for zy =5.

Figure 12: Same as Figure 10 , but for the Yranceschini et al. (1988) luminosity function

Figure 13: Same as Figure 10, but for the Shanks (1990) luminosity function.

Iigure 14: Present epoch absolute magnitude distributions for the same apparent magnitude ranges
used in Figure 10, for our bascline model.

Figure 15: Same as Figure 14 but for zy=5.

Pigure 16: Same as Figure 14 , but for the Franceschini ¢f al. (1988) luminosity function
Figure17: Same as Figure 14, but for the Shanks (1990) luminosity function.

Figure 18: (B-K) colors indifferent K magnitude ranges for the bascline model.

Figure 19: Same as Figure 18, but for z;=5.

Figure 20: Same as Figure18, hut for the IFranceschinictal. (1988) luminosity function.
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Iligure 21: Same as Figure 18, but for the Shanks (1990) luminosity function.

Figure 22: Face-cm blue band optical depth of model galaxies as a function of age, for five different
values of' theinitial star formation rate %o

I'late I: Central 5 x'5' of simulated b; band image with 1, =50km/s/Mpc,Q,= O, zy= 1000 and
the Efstathiou et al. (1988) luminosity function.

}'late 11: Central 5 x5 of simulated K bandimage with 11, =50kmn/s/Mpc, Q.= O, 2;,=1000 and
the Bfstathiou et al. (1988) luminosity function.

I'late 111: Central 5 x 5" of simulated b; band image with H,=50km/s/Mpc,Q,=1,27=1000 and
the Efstathiou et al. (1988) luminosity function.

I'late 1V: Central 5 x5 of simulated K band image with 1/, =50 km/s/Mpc, Q,=1, 2,=1000 and
the I'fstathiou et al. (1988) luminosity function.

I'late V: Central 5 x5 of simulated b; band image with H,=50km/s/Mpc,Q,= O, zy=-3 and the
Efstathiouet a. (1988) luminosity function.

Platel: Centra 5 x 5 of simulated K bandimage with 1/, = 50 kin/s/Mpc,€2,= O, zy= 3 and the
Efstathiouetal. (1988) luminosity function.

23



“r oLuvrY TvIYT Yl Y

-

1 21814

8

Space Densily (per Mpe® per mag.)

6 4
| = r.




¢ °andig

(warf) y doy

. _ | A SO QS VU D S I -\Fl,h\nL SN0 VO S N T U RN W N SR D —!b..,L!_rih L;iFI.[-l-;L[r(P\

For

“
-

/(0T

.07
'

a4
‘0

r
L



¢ 21n31g

(B--K)o

™
14}

(B»K)
»r n W O oY) co
m [4¥] w w w N oo ™ 9]
'o I[TIIIIlllIllfll]f[ll]llllllllu ‘_QulIIII‘IIIIT”IIIIIIIIIIIIIl
- V.N\ -
(@]
ct
N
)
)
3
s
@)
o T b b Booaa a1 107
(u-) (u-v)
I L ) | A .
— n (@] (94} . P2 o) wn (@] n >
o T [TT VT I TR LA L O O R S IR R
.\_ -
\'
~.
- \.
: \ )
\
\
o - \'\\\ \.
O\ | _
ot - \ \\ . -
G} ) \ \ \\\\ \ -
5 8 Y \\ N
~ 1y |
A W _
.\\ “\'
P> |
o I‘ \\ \
‘ -
1
\
\ \ |
(¢] R \
RS \ \ N oe iy
0‘1111:1|||1111|1111|1| llll,lll,llll,lllllllll




¥ 2an3tg

(V- K) (B-V)
> Z\)
wn o -3 o o 3] . o ™ ‘o w
A A A A R B R R N (R A r[r"f’T IFFI"I" r' Iy |’I'H'| IBERE
° N
SON
\'\~ - —
N\ . .
‘\‘\\ ~, \
AN \'\.\ ~ .
\ \ *
IR N -
] . _
I,’ ". \\ \‘\ -
! o ) ,
i ; \) Y-l la
A SAY
/'/ / / — - \\{ \
/ // /- ) (I
/ ‘ 1 \
/ -
/ / Ct - :
. / ==l il { N
L o S 1 bbb el oo o by o baa
(V-K) (11--v)
. »
o -2 ™ © o m -, o ™ o W
........ , 1 TR [TET P TR AT T
,,,,,,, N -

/i /

. |
,|||II1I1|Illlllllll[

[111111211111111111
















ce 82 92 Y2 gg (¢ 1

(A

g7

(A o4 T

73

D
o

o
O

»e

_l’ll'l'lll”

Lol

[ 11111

(. e AN
i F

num(b)/sq.deg./mag

Poa r = bor bor
@) 0] ) o o
V] [A) »~ [¢]) [« ]
Iyl O | 0 A R N R Y B N A R0
)
NN
} SR
- N
T ‘
o |
Il )
O
O @) ®)
N e r
e -
1] ) o
b ga Uq
0 o 0
0 I H
o (o]
\ N
1.1.1.111111. .. .. ool owd—"0 1111111 10 b
num(K)/sq.deg./mag
e For b = >
O (@] (@) O (@)
w » [¢]] [«
L L B o o 1 S o A B N U A SRR RN 1]
T
(:r:r: \Q’
| ~ E
o ‘0
“N N |
% \\
i \
. \
o \
o \
@) \ X
\ .
\ .
Coroaonnl 0 s i1 L1 bt




[ ?In3TI

72 g 0¢ i

g¢

14

Fa
CD

23 02

72

g2

For

O (@] (@] (@]
ra ™D [A) ES
T 1T TR LA R e A 01 e e A A S
@ :
} I
m
(o]
I
}_A
&)
O
Q1110 Ll Sorunl
num(K)/sq.deg. /mag
-t — —
(@] (@] (@)
™ © S
I

= Baiie AW

1 L1l

num(b)/sq.deg./mag

P [ [N

) Ao _TT Il II" TTITOIOT
‘Wm* : |

~

I T

)
O:]j |
|.| |
8 o
H
¢))
410}
(&Y
I
-]

1o lllllll [ N R

o U B IR RN l

[N

O o
(&)

b
v

ri1 rrirm

\ -
== l-od e

oT
v

N
O
o0

—
Frrm ]"‘I R

TUITI

Lrrrkl




| | ~ num(b; )/ 59 deg /]Ildg -

<3 O o o o o o o

> Ui o o

0; lllll[ T i'» WIEN l'lllllllrwl IHIIHI i IHHHI TUTRTI IIIIHI""IT'RIIHI T ITIIIIIF[ [II[HII R} I’TITHFI”I [RAAL

02

22

ve

O

| 0Q

It ;
- —— S

R BRI AT

7 ’ . - - =
vt nml 11 nuuL I u.rmﬂ',,,l,u Illllllmll, 147 K11t ﬁmlnhlll,_lL,muu[,L,LLuuuLle(

| | num(K)/sq deg. /mag

—
O O O o (@]
> N o >

0 -DA

2]
IHIII[ }[ %\%‘!‘H{—T‘rfﬂﬂlr T IHUII "*]‘-‘r”[m[w-rmﬂlr nnn[ EI %ﬁ” """ I_FTHIHI'—T 1 lfﬂll’l’"l_rrmlll' RELRRLLL

v

Q1 e RS

g1

g @2an3tg
22 02
i

e

/ -t

. -1 e
1112121 01 2122222 ot tad el s nod gk eboend v cno il 1 vood A ol 111111

[€9)




6 2an3ty

O

M
1

01

22

ve

g8e

[€h]
(@]

¥

97

g7

(44

ve

[N
(@]

N ©
THH[ I IUJ\'\I T HI[II[ T lllll[]

ol w1110 0 0 11

i

>

O

i
b

syueys

‘:I—ﬁ

AT s{ueys

IS RN

yo
}K(&\{

i I

s
(@)

r br
(@] O O O O (@]
© >~ G n (3 -

nNT IHHIT-I T HTUT}' '''' TT”UH] BRI ITUTI]—E'E%

A lllllllL L lllllll, g

num(b )/s9q. dcg /mag

.’ O O Ou O*
I mnnl imatii mn]-r r’ﬂ” Y
o oy
nl }___
4T
P§ R\ b
N\ v -t- g
\\\\\\ -1 3
N ih 0
=\ ¥ -1 ™
Nk e n
i =8
W& B
\ -
l‘\ _ E_].‘j‘
\ -
Vo
o
vy
LI
Voal
VoM
tianttal o bl cawd ool s

num(K)/sq deg. /m ag

- eS|
-l- H
_ oy
L 3
(@]
T ]
wn
- 0O
oy
[
Eﬂ\ 1T 3
,\\\ i m
W g
\ 2
\\\
\‘\
\
AN
(B}
[
|

(S|

o llllll,,,l lhllll il o1 Illllll,,

T_TT”IHI"I HTUII} Fr"mmr“"rrrrmr

v #

(@] (@]
o

[ [

(@] o
o




ol 2In31J

- 91

0 - b b

* o

.n(z)

91

-1

T

| T T

o & s o o

T

BRI R I LR l ‘

|
|

UV
esawiQ

Yg—23=4

‘0=

rr‘rn 1139 l_[lll I:” TIIIIIIUI I 1 1 i | LR 1 L
| e— | C— o
IF ;
o | o
[ 1
: 1 [4V) |
? 1 ¢ 1
[AV I N A,
© N T
|||||||||I||||I,|||I_|||1| | T TR B IR I T L 14

[lllll!llll'llll[l!lll?

n(z)

[
Nno

Illlllllllllllllll

—!lllllllll'llll]

=

|

LI

™

o 3 w’
!

pa 14

-

U

¥ | 1)

Ill!IIl!l!!l‘l’[]

S O S N

U

N

il

1
-

U

o [
1
H ——
R
o -H
o -

= o'
Il
20
T
™
. %

llllllllllllllllll

RN NN

L I L BRI I b

‘l!!ll!'l'hj;\‘!!]ll!l"ll

eFowr()
¥g—-22=9

T

|v||l||{||l||ll[!!ll[!l

IllllllllllllAI




11 @an31g

O

]'l T I’I’Tl’l ‘I'IT‘I'IT I'T'l"l rT'1 rm

T

R N TN

o [i, 7!; S S —

ne)

b o

Trr ¢ r11 rrr‘rnTrTrl ¥ INI T
L | "({

o
o o

e

‘0=

llllllllllllllllllllllllll

T My . :
25535 e i
—-;-q;§; -
| o
- ‘c;r}
1
15
T I
o 58
@ N
} T qg N
oo - N -
0 NN

Tllll[llllllllll

L B

n(z)

o & b w » o 8 8% 8 i
RN RARRE R R R RNy AR A A AR RRR R RA RS
mi -1 —
W r 1 3 |
7 e—"_""_
B t:::;’“_L ]
5 R
8 4= -
[ L )
I -Qciz i
| —_[—:J .
I ],E: i
B . _-E% |
L »Agi) -
i o | o
B [ g Il -
] 0o
B (00) o
- l -f- I -
N 8) -1 o -
-} » m -
- {_rl‘__
-1 )
ity bev g rntoor b ye e e Ly b 2

. H {
—n

o o) o g

o S [ & &)
Trrrr‘r‘l’"l “1”” l[llll]llf
T —
] c;§§;§:::: i
- :’_— N A -
- C-{__L':-—. -
- ._.r*" —
rr—q IJ_D :
- l e ) -4
B r:;-—_:l- :
5 C{:‘—’—”;5 -
R -
- ,t]\l g o ~
[ | i
R O NV .
] e
o P

1-1.1.2 101 12.2222121.122.11.11




¢1 sindty

g1

91

(9

b

5 % 8 & .

0 b o 8 > o (o)
| 1 ¥ 1 llllllIl"__7l'lllIl"llll'llllllll"LIitilllq"'l'rrl",liil
i 2, ,:ﬁ
[ 1 A bl_b[———_ﬂ e )
t T R i
- -—5-. ~~’F__=€:
il 14 «
I .
T T o -
il 1 g
I 1 Q.
o L O dp O -
- |-} [ TR
- S [Av C)Z\')D"l
[ o T o T o
[ | T T 1 =ty
- 81 8T AN
I I 1 =]
i P -
| Illlllll-Lllll lllllllllllllllllllllllll llllllllllllllllllllljl
n(z)
6 b b B » o & w B » bBo 8 ? R
[T ™ 171 rrr11nJnnlnlqlnllllHIHHL_[Ill—rlxI—IFFfrFll
[ Y—— _m:
: = [=

®-81=q

vrarbrrradaareelarratan

-]

Je—cp=q

'l!Y'!!l!

bl baraadadl

I

B I B | ' ! .t 1! 1 l

=

-
-
b=
-
-
=

el Lol ol

(o]
n o

-
-4
-
-
-4
-4
—
-4
-
-
-

O
RS
Y
NN

|
—
o
o)
O-—.
@log
@]
5
s |

-
]




€1 2an31g

g1

91

o % b b o -3 e 5 R &% & B8
__rfl‘lll"""-'l_l_l'l'"""I""___l_"'l"""""'i:__
»_[______r——" 1 _ri__r —_:JI—J
T L C )
J. , 1
)
T D
Ko o QUE
| T
- s .
@ S 1 O
| ~~§ |
o AV § oo,
o - AV >
1111|11|1||111| N A I A lllll,l,lrllllllllll:
n(z)
0 (9 b W o 8 u o o ’ .3 8 8 2
[ T | ullIIIVIILJFIIILIIIII,,,,I, L—[lllllll'l"'ll‘l'll’--
? NG i
3”:1:\:‘———3 T £
e — ==
1= ] =
: i : .
i 4 N D-':
: o o I &5
: LA LT 11
: @ 1. o :§ RN
I o no 1 _ zl\)gj
o. . o I NI
i =k d— -
| Lo loroadl e borva ey s by s v b b n baaa




o = ™ ®w * oo ° 8 o (S 8 8 5
|[||u11|1d11 |1J11|11|1T1 ]|||1, |J||lll llll'lll[l’lllfl"ll]l
|
r —]- -—

|

T

B BN N "~
——.—1 ],_ g1 -
: - g -
8 + - -
g A R N
w A 4 .
' LJU‘ T K_DOJ 1 ]
" =1 o —t— -
C [ [t i
= L [AV I & i
i ¢ 4 —
L 1 1 -
@ Ay on L 4
0o 4] i
) ]
: .N
FEETIEYETI I STI NI RRNRA L o NN EEEEE YT TSV SRR AN RN L
n(MB)
0 > [ M) [ANN o] O 8 a 8 o 8 3 8
L ] R T TIT T[T T [V ITT[vooTg -
| 1
N

11 ‘ | I . | ’ 11

i ] ] 3 3 i l

.

—

i
I

hj 1 | -
% . O T O L R[RO
A o ] | I I " | I—
1 i AV I ,H;Z\’) i
& (00 () _ o D]
: gl 1. -

— 1 6) X N

¥i-

Ioisu hL L-thi-12z4 _;[,.l.l. % T R N WA T N (T ST WO O U WO S B W L




91— 81—

¥I-

02—

53 g

gl-

¥i-

(o] - to (& -

n(Mp)

o 8

8o 8 5 3

' IIIT]IFIIIIITIIIIIII

—4 -

-

-

Py

(o]
Illlirlrfllllfl

! ! | S |

Ilﬁr[ﬁ'llrill

o

L

!I!I

i

o’ O N Qo

! zﬂ) S

p—a -

7 ° T

| -

[4V) [4V) AV

o AV NG

TN I N T Y LY B R e
n(Mp)

o - 0 s *~ O o o o 8 Yo 8 3 3 3 §

lllllx l n'lllll IIIIIIIIIIIIITTITTTTIIIII lllillll[llllll]lllll

|

et
1]

11!'!|'v‘vv
llllllli

Vo4 l i 1SR ‘ L
1

-81="q

! ! 1 ' 1 1 1 ' t 7 1 ' 1]

22—-02=q

FETEE N RNU RN S EA U AN RINA

ﬁ

g
b

| S | 1 l | S 1 [ LB I ] LR I LY

I"!I!!!!Y!!Ll!ll!

11111011 1 101011 2 gy Lyasodt

INNNSURE SN RN NI By




91 21n31g

"I

81— 81— 02—

¥1-

g1

e1-

T T T T T T T ] 1 ! 1 i 1 li 1§ l 1

¥I-

200

o - N (2] »~ O o o 8 8 :;
LT 1’ "1 ' " 1 LI I L LB SR L BN lllllllll""lrrrlll

t

lllllllll

1|||||1|||

q

081

e lra sl laes

(o]

53

[ M

W O

n(Mﬁ) .

e

s 8 8 &

(o]

I

' 1! ! ’
Vol l i ] T ‘ LSRR 1 ‘ 1S l 1

L

1

lllfl]lllllll[ll!l

llll[[l]llllllllllll]

My

NI ER NN AU NS BN R N A NN WS N l;..

1

02-81='q

—ts
-

]

I

23—02='q

=

V3-3¢

I 1 T

47 wigossouedd 1|

llilllllllllllll]lll

L

byaaabaraalaaaa bl

I
—




LT @an31g

91—

91—

4%

91~ 123 od

¥I-

(@] N -~ > (o]

n(Mh)
o 8 8

IIIIIIIIIIIIII

1! ’ L
i

i LR

N

IIIIIIIIYTIII"II'III

14

Sara I BTN A SR N S SR I -

11 ' L1

O
L

IlllI[I.I

] L S S | ! 11 ! ‘ 11 ! ]
' ISR i | R R ﬁ i

1
1

b bl ,LLLLJ..LLLLITI

Z-81='q

A __—__‘L« 1
— il T
T — T
+ T U
ot o ologsl
i T T,
RS S ]
® o SN
— R (- L
k‘ o T AV T
m--nlnll‘l|llll—,Lllllllllllllllllll SRR I S N T N S S
D(MQ
0 U X X - o o o o o 8 ° S 8 5
_rr'rrjrr'rrrTTl'TTTrT111nn| T T T

b

(o]
,l'lusl 1111|11n'lllill1l

'q
|

"!llll

é

2o 9g

1

erﬂ
) S T ] 1 .0 ' 11 1
11

'—:_LL Ly LLLJ_LLLLLLLLJJ

- I -
A 1ol vl




8

§ & 8

i-2)

01

llll[llll[lil'[ll

~
I

—

T
o

p 11l llllllllil

Irfllllllllllllllll]ll

W
Il
(4]
o

I
AV
2

llllllllllllljlllllll

RO -
LN
l'——‘o -

l -4
Z\D -

Illllllllllltl\)llllj-

2!

8

o
0

g 8 & 8

K i

1

| Oi-g)

L L S S B S B

g1 @an3ty

()¢

T

A

Iilllllllllllllllllllfil

—81=4

m -
T 1t sl l,l.lﬁ EEER!

[N
4 8
'llll|lll

f

IS S S S S DA TR

Il
[

i l Yoo

=TT

-

W
I
4V,
c|>
0
—

"I'!!IYYY'

L1 %

R b Laa

llIlllllll’lllllllllIl

-—




61 2In3ty

O1-g)
9

01

2!

)¢

A

- 8 & o 8

8
.

3

i

!

1 ] ]
1

J
i

17 I T 1T 1 ' LI

-1rll|llll

-

LRI
l
| I LI S B SO SO T A |

11 ! ! | S I | I I | S . ] I | S G |
T T t 1 T 0 1 ] ]

i

N

LN
— O o
I -
AV, )

ENEEEENE R

W
I 1
P Y
® i
.- | A
o AV |
-HHnnlnnlnClDlll;« 11 111|}|—‘ |

o 8 8

- 8 %8 8 8 o 8 8 & 8

llll]lllll.lll

L . ] ! 1 1 ! I

l ' ] [ l i i

! L] I [ 1 1] I 1] L] k] ‘ 1 L] 1

[

'ﬂ_‘

1

S S N

el iy L

Illllllf[llllllllllllll

vyy’
T

lllllll[llrlllllllllll

;;;‘ .

N
3

o)

I=
G

ISR N S EE I U B N R N e et AR B SR B N N |

c—12

| .
N -
Io pa—
Tt el LLL,’l—i\LL}J

Jaraa iy Bl

_
C




0z @in31g

01

cT

o 8 8 &8, 8 B &8 & &, B
I

”l‘r“r‘r‘]‘r'T—r"r"rr'rTl l T I'l}llllllllllllllllli[llirrl

]lIIXIIIIII{IAAAI
!vyvvv‘vovv"v

!yv[v’v;vy‘v
—

- ] - L—-* |
[ A I o |
— —— —t— )
- 1 ] T f
- . e - - ,
- —f — {
- 1 T g
- L x Syl
& ” s CH . ” -3 ”0“ }
- N N AVBLY
X o I o I O
o I - | I |

- AV AV AV
~llllllllllllllOll;-llllllllllllllllllllmlll?ﬂlllllll[llllllzll?Jll

o 8 8 & 8§ B, g 8 &8 8 & 58 8 8 ¢

n AREERRERNRRRRERRRRERRRRER

=

‘lllll]llllllllllllf,llil

|

‘IIIIIIIIIIIITT]TIFTI

1]

InlIIIIl‘A

IIIIIIIXIXTII

T
V"""Y!'!!!!rvv]vvv

!!!”"V'yliiv'yvyv’yvvv‘vy'
[ +

- - -
- - -
= T‘I A
- - - -
) i s i KOG
Il ; ZQJ T Zg;ﬁl EE

| - T
o o - r—**“ég
| |k | =
'4V) 4V S S
(@) - o
N I
[an s

el oo ecb e Lo beaaa teen et b beeen be ks




17 2an31g

01

rA¢

Oi-g)
9

o1

A

(o]

g 8

§O g

5

o

g 8

lllill'll‘llill

—_—4

-4

Illllll |' LI

=T 11

! | I 1 1 1 I 11 ! !

U

1 i i I T LB ]

o
I

| —
"
(4N
o

RN ENEIN RN

-
pne
L! 11

] ]

[ e oyl

: o O -
1 8’ | S?om__
- | - I t—-—-lu
: S 0 ]
o b b || 11:111117\31 Lo

llllllllllllr

1

1

1
1

s & 8 8 B8 g g 8. 8 B & §

B it : | R L AL I | L L] I LI L L L} 1R ' TTV) l LI I TTYT ] TT l_:

. . _‘_l 4 l P

g 1 - T N

= -] ]—J 4 y N

i 1. 1 wnl.

I - | gw

- Y ~N T N OH

K ” 1 " T " 0" p;"

i ] [A I [4V) a0 ]

i oo 7 O 7 —

~ L L =
o0 | AV} o

TN ANEEE AN ENE .?11. 1l l_l_l.LLl_l—l.LL.}!:‘LLJJL LLLLLLLLLLLLLLLEPJLIIJJL




| 0g tau(b)

100 !

25

S B

Figure 22

14



